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The fate of nanoparticles (NPs) in soil under relevant environmental conditions is still poorly understood. In this study, the mobility of two metal-oxide nanoparticles (CuO and TiO2) in contrasting agricultural soils was investigated in water-saturated soil columns. The transport of TiO2 and CuO-NPs were assessed in six soils with three different textures (from sand to clay) and two contrasted organic matter (OM) contents for each texture. TiO2 mobility was very low in all soils, regardless of texture and OM content. Mass recoveries were always less than 5%, probably in relation with the strong homo-aggregation of TiO2-NPs observed in all soil solutions, with apparent sizes 3-6 times larger than their nominal size. This low mobility suggests that TiO2-NPs present a low risk of direct groundwater contamination in contrasted surface soils. Although their retention was also generally high (more than 86%), CuO nanoparticles were found to be mobile in all soils. This is probably related to their smaller apparent size and low capacity of homo-aggregation of CuO-NPs in all soil solutions. No clear influence of neither soil texture or soil total organic matter content could be observed on CuO transport. However, this study shows that in contrasted agricultural soils, CuO-NPs transport is mainly controlled by the solutes dissolved in soil solution (DOC and PO4 species), rather than by the properties of the soil solid phase.

Introduction

Metal oxide engineered nanoparticles (NPs) are now integral elements of a myriad of consumer and industrial products. Copper oxide (CuO) NPs are widely used in catalysts, superconductors or paints for their biocidal properties [START_REF] Zhu | Highly dispersed CuO nanoparticles prepared by a novel quickprecipitation method[END_REF][START_REF] Ren | Characterisation of copper oxide nanoparticles for antimicrobial applications[END_REF][START_REF] Keller | Global life cycle releases of engineered nanomaterials[END_REF].

Titanium dioxide (TiO2) NPs are commonly incorporated in personal care products, paints or food packaging [START_REF] Keller | Global life cycle releases of engineered nanomaterials[END_REF]. As a result, soils are exposed to these components through various exposure routes, which may result in potential risks to human and ecosystems health.

Their release into soils can occur during industrial production, landfills, agricultural amendments of sewage sludge, abrasion of materials and accidental spill [START_REF] Nowack | Potential scenarios for nanomaterial release and subsequent alteration in the environment[END_REF].

Thus, there appears to be an urgent need to improve our current knowledge of the fate and transport of NPs in soils in order to better assess the risks for groundwater and agricultural soils.

Transport of NPs has been extensively investigated in poorly-reactive and well-defined porous media, such as glass beads or quartz sand, but only a few investigations have addressed the transport of metallic NPs in natural soils (e.g. [START_REF] Fang | Stability of titania nanoparticles in soil suspensions and transport in saturated homogeneous soil columns[END_REF][START_REF] Fang | Transport of copper as affected by titania nanoparticles in soil columns[END_REF][START_REF] Cornelis | Transport of silver nanoparticles in saturated columns of natural soils[END_REF][START_REF] Braun | Transport and deposition of stabilized engineered silver nanoparticles in water saturated loamy sand and silty loam[END_REF][START_REF] Simonin | Combined Study of Titanium Dioxide Nanoparticle Transport and Toxicity on Microbial Nitrifying Communities under Single and Repeated Exposures in Soil Columns[END_REF]. Soils are porous systems consisting of complex structured assemblages of mineral and organic particles combined with liquid and gaseous phases [START_REF] Spadini | Soil aggregates: a scale to investigate the densities of metal and proton reactive sites of organic matter and clay phases in soil[END_REF]. Several soil components such as clay and organic matter (OM) are known to influence the mobility of various pollutants or colloids due to their large reactive surfaces, which can interact with them, thus modifying their physicochemical behavior [START_REF] Pan | Applications and implications of manufactured nanoparticles in soils: a review[END_REF]. Some studies have demonstrated the influence of these factors on the aggregation, surface charge and stability of NPs [START_REF] Fang | Stability of titania nanoparticles in soil suspensions and transport in saturated homogeneous soil columns[END_REF][START_REF] Thio | Influence of natural organic matter on the aggregation and deposition of titanium dioxide nanoparticles[END_REF][START_REF] Zhou | Clay Particles Destabilize Engineered Nanoparticles in Aqueous Environments[END_REF]. Dissolved OM is known to promote NPs dispersion and potentially their mobility in simple porous media [START_REF] Ben-Moshe | Transport of metal oxide nanoparticles in saturated porous media[END_REF][START_REF] Thio | Influence of natural organic matter on the aggregation and deposition of titanium dioxide nanoparticles[END_REF][START_REF] Simonin | Influence of soil properties on the toxicity of TiO2 nanoparticles on carbon mineralization and bacterial abundance[END_REF], while clay particles can destabilize positively and negatively charged NPs and thus decrease their mobility [START_REF] Zhou | Clay Particles Destabilize Engineered Nanoparticles in Aqueous Environments[END_REF]. In addition, these processes are strongly influenced by the chemistry of soil solution, such as pH, ionic strength and electrolytes such as inorganic ions [START_REF] Wang | Transport of titanium dioxide nanoparticles in saturated porous media under various solution chemistry conditions[END_REF][START_REF] Cornelis | Fate and Bioavailability of Engineered Nanoparticles in Soils: A Review[END_REF][START_REF] Vitorge | Comparison of three labeled silica nanoparticles used as tracers in transport experiments in porous media. Part I: Syntheses and characterizations[END_REF]. [START_REF] Fang | Transport of copper as affected by titania nanoparticles in soil columns[END_REF] demonstrated that TiO2-NPs could act as a metal carrier and facilitate for instance the mobilization of metals, such as copper, in soil. These results raise concerns about the potential environmental risk associated with increased migration rates of co-contaminants and increased bioavailability of some toxic metals in the presence of NPs [START_REF] Chekli | Evaluating the mobility of polymer-stabilised zero-valent iron nanoparticles and their potential to co-transport contaminants in intact soil cores[END_REF][START_REF] Fang | Co-transport of Pb2 + and TiO2 nanoparticles in repacked homogeneous soil columns under saturation condition: Effect of ionic strength and fulvic acid[END_REF]. Because of the interactions between these multiple environmental factors in natural soils, it is difficult to predict the fate of NPs in soil based on investigations conducted in simple and poorly reactive porous media. In particular, it remains very difficult to hierarchize the dominant factors controlling the transfer of manufactured nanoparticles in natural soils, since most of these factors are closely related in such media. Studies evaluating the simultaneous effects of several soil factors on NPs mobility are clearly needed to elucidate the key soil properties that control NPs transport.

The objective of this study is to determine the influence of soil texture and OM content on the transport of two relevant manufactured nanoparticles, CuO-NPs and TiO2-NPs in contrasted soils. We conducted water-saturated column experiments with six agricultural soils with contrasted physicochemical properties. For this, we implemented 3 different soil textures: from sandy to clayey soils, and two OM contents for each soil texture. The measured NP breakthrough curves were fitted with the Convection Dispersion Equation (CDE) to identify the dominant processes involved in the transfer of these two NPs in the soils and to quantify the corresponding parameters.

Material and methods

Soils

This study was conducted with soils belonging to three different textural classes: sandy-loam, loam and silty-clay. Soils were collected from the upper 20 cm layer of three different agricultural sites located in the Rhône-Alpes and Burgundy regions of France (see [START_REF] Simonin | Influence of soil properties on the toxicity of TiO2 nanoparticles on carbon mineralization and bacterial abundance[END_REF] for further details). At each site, the sampling was performed in two plots with low and high OM contents distant of less than 500 m. Therefore, the experiments were performed with six test soils with three different textures and two different OM contents for each texture.

After collection, visible rocks, roots and plant litter of poor reactivity were manually removed.

The soils were sieved (2 mm) and homogenized before storage at 4°C. These soils were previously characterized [START_REF] Simonin | Influence of soil properties on the toxicity of TiO2 nanoparticles on carbon mineralization and bacterial abundance[END_REF] and some soil physicochemical properties are presented in Table 1.

Soil solutions from the six soils were prepared following the protocol described by [START_REF] Simonin | Influence of soil properties on the toxicity of TiO2 nanoparticles on carbon mineralization and bacterial abundance[END_REF] and used as background leaching solutions in the column breakthrough experiments.

Briefly, soil solutions were prepared by agitating 10 g of fresh soil dispersed in 50 mL of ultrapure water during 30 minutes at 180 rpm and 20°C in a refrigerated incubator shaker (New Brunswick -Eppendorf, Hamburg, Germany). The solutions were then centrifuged for 20 min at 8000 g, 20°C (Centrifuge 5804R, Eppendorf, Hamburg, Germany) to eliminate particles larger than 20 nm according to the Stokes' law. The supernatants were collected and stored at 4°C before characterization (Table 2) and used for NPs suspensions preparation (dispersion by vortexing the suspension 2 min. at maximum speed) and application in column experiments. In these soil solutions, orthophosphate concentrations were determined by Ion chromatography (Metrohm 732/733 separation center).

Nanoparticles

TiO2-NPs were provided in powder form by Sigma Aldrich (St Louis, USA) with crystal structure of anatase (80%) and rutile (20%) and 99.5% purity. These TiO2-NPs presented a specific surface area of 35-65 m² g -1 and a mean particle size of 21 nm as assessed by Transmission Electron Microscopy. CuO-NPs were also purchased from Sigma Aldrich in powder form with a nominal size around 50 nm and a specific surface area of 23 m² g -1 , according to the manufacturer's information. Both NPs were used as bare NPs without any coating and were characterized for intrinsic primary particle size using a ZEISS Ultra 55 scanning electron microscopy -field emission gun (SEM-FEG). In average, TiO2-NPs measured 28.7 ± 7.1 nm and CuO-NPs measured 57.0 ± 18 nm.

The apparent hydrodynamic diameter and zeta potential of the NPs were characterized using Dynamic Light Scattering (DLS) with a NanoZS (Malvern) directly in the soil solutions.

The measurements were performed in triplicate after dispersion through ultrasonication for 5 min in the spiking suspensions of NPs prepared at 50 mg L -1 in soil solutions.

Column experiments

The soil solutions were used as background leaching solutions for the duplicated column experiments. Spiking suspensions of NPs at 50 mg L -1 were prepared and injected in columns only after ultrasonication for 5 min. This NPs concentration is in the lower range of concentrations found in literature for similar transport studies in natural soils (e.g. [START_REF] Cornelis | Fate and Bioavailability of Engineered Nanoparticles in Soils: A Review[END_REF]. The transport experiments were performed in small glass columns (C10/10, GE Healthcare) of 1 cm in diameter and 10 cm long, homogeneously packed with 8 cm of wet soil as described by Martins and Mermoud (1999), corresponding to approximately 8 g of dry soil.

Flow adaptors (AC 10, GE Healthcare) were adjusted on the top of the columns to ensure a constant soil height during experiments. Soil bulk density values are presented in Table 3, along with the values of porosity and volume of pore water. At the beginning of the experiments, soil columns were saturated and leached from bottom to top with 100 mL of freshly prepared soil solution. The effluents were collected using a fraction collector (Gilson 203A) to check for the turbidity of the outflow by measuring the absorbance at 600 nm (Spectrometer Biowave II, Biochrom WPA). The absorbance was very low for all soils (< 0.02), indicating that the amount of soil colloids in the effluents was negligible. Bromide (Br) ion was used as water tracer to assess the hydrodynamic properties of the soils before NPs injection. About two pore volumes of bromide tracer (KBr 1 g L -1 also prepared in soil solution) were injected in each soil column and followed by 2 pore volumes injection of bromide-free soil solution. The concentrations of Br -in the soil column effluents were measured by Ion chromatography (Metrohm 732/733 separation center) with a detection limit of 4 µg L -1 .

The spiking suspensions of NPs (TiO2 or CuO) prepared at 50 mg L -1 (C0) in soil solution were injected in the columns at a flow rate of 0.1 mL min -1 during around 4 to 6 pore volumes. After NPs spiking, the columns were continuously leached with soil solution for at least 15 pore volumes. The column effluents were sampled in 15 mL centrifuge tubes every 10 minutes (~1 mL collected). Total concentrations of titanium (Ti) or copper (Cu) were measured in the spiking suspensions (C0) and in the effluents (C). The breakthrough curves of NPs are presented in a dimensionless form: C/Co as a function of V/Vo, the dimensionless eluted volume, with V normalized by Vo, the total pore water volume in the saturated column. All column experiments were performed in duplicate.

Metal concentration analyses were performed using microwave-assisted (Novawave, SCP Science) strong acid extraction (for Ti: hydrofluoric acid + nitric acid and for Cu: aqua regia).

Cu and Ti concentrations were determined using inductively coupled plasma optical emission spectrophotometer (ICP-OES; Varian 700-ES, Varian Inc. Scientific Instruments, Palo Alto, USA). With this methodology, Ti and Cu concentrations measured in a certified soil reference material (sandy loam 10, RTC-CRM027, lot HC027, Sigma-Aldrich) were in good agreement with certified values (95-102%). The detection limit was 50 µg L -1 for both Cu and Ti measurements. For each soil, breakthrough experiments were performed in control columns by injecting only soil solutions without NPs to determine the background concentration of Ti and Cu in the effluents. This background concentration was then subtracted from the measured concentrations of Ti and Cu in the effluents. The main characteristics of the soil columns are provided in Table 3.

Determining concentration profiles of Ti and Cu along the soil columns after NPs breakthrough was an important objective of the work. However, the soils used contain naturally relatively high background concentrations of Ti and Cu (measured at 2400-5300 mg kg -1 and 10-26 mg kg -1 , respectively, Table 1). For Ti, the injected amount of ~ 175 µg by soil column represents about 0.3-0.7% of the natural background Ti concentration present in the column. For Cu, the same injected quantity is close to the soil Cu background concentration. Consequently, as already reported [START_REF] Nickel | Mobility of coated and uncoated TiO 2 nanomaterials in soil columns-Applicability of the tests methods of OECD TG 312 and 106 for nanomaterials[END_REF] who used concentrations several orders of magnitude higher than in this study (5 g/L), due to solid Ti and Cu contents in these and in other soils, it is not possible to quantify the metals sorbed from the spiking solution, when using environmentally relevant NP concentrations, at least without specific NPs labeling (Vitorge et al. 2013), which was indeed not the case in this work.

To evaluate the occurrence of CuO dissolution in spiking suspensions during each column experiment, a dissolution test was performed. The six NPs spiking suspensions (one for each soil) were prepared and sampled (5 mL) after 6 hours corresponding to the maximum duration of the NPs column transport experiments. Dissolved Cu concentration in samples were determined by ICP-OES (Varian 700-ES) after centrifugation for 20 min at 6000 g in a 5 kDa ultrafiltration device (Vivaspin tube, Sartorius). Soil solutions without CuO-NPs were used as controls. The dissolution of TiO2-NPs in spiking suspensions was not assessed because these NPs are not soluble in water [START_REF] Chen | Titanium Dioxide Nanomaterials: Synthesis, Properties, Modifications, and Applications[END_REF][START_REF] Duester | Translocation of Sb and Ti in an undisturbed floodplain soil after application of Sb2O3 and TiO2 nanoparticles to the surface[END_REF].

Transport parameters estimation

The CXTFIT code implemented in the STANMOD software (USDA) [START_REF] Toride | The CXTFIT code for estimating transport parameters from laboratory and field tracer experiments[END_REF] was used to fit the tracer and NPs breakthrough curves. The pore water velocity (v, cm h -1 ) and dispersion (D, cm 2 s -1 ) in the NPs transport simulations were determined from the bromide tracer breakthrough curves obtained in the same soil. The analytic solution of the Convection Dispersion Equation (CDE) with a first-order loss term, µ, presented in Eq.1 was fitted to the bromide and NPs breakthrough curves using the Levenberg Maquardt algorithm (e.g. Martins and Mermoud 1999 ;[START_REF] Martins | Role of macropore flow in the transport of Escherichia coli cells in undisturbed cores of a brown leached soil[END_REF][START_REF] Vitorge | Size-and concentration-dependent deposition of fluorescent silica colloids in saturated sand columns: transport experiments and modeling[END_REF][START_REF] Lakshmanan | Nanoparticle transport in saturated porous medium using magnetic resonance imaging[END_REF].

𝑅 = 𝐷 -𝑣 -μC

Eq.1

where C is the NPs or tracer concentration, R is the retardation factor (dimensionless) of NPs (ratio of NPs and tracer residence times in soil columns), t is time, z is the distance from the inlet, v is the average pore water velocity calculated by dividing the water flow by the column section and the soil volumetric water content, D is the soil dispersion coefficient and µ is the NPs decay coefficient, related to their irreversible retention on solid collectors (soil constituents). For bromide experiments, only v, R and D parameters were calculated. For NPs experiments the parameters v, R, D and µ were calculated for the fitting of the breakthrough curves, using the values determined for the tracer as initial fitting values.

Characterization of soil organic matter by infrared spectroscopy

To evaluate the differences in organic matter quality between the 6 soils in relation to soil interactions with CuO-NPs, both soils samples and soils solutions were analyzed by MIR-ATR spectroscopy. Prior to infrared soil spectra acquisition, the six soil samples were prepared as follows: soils were air-dried for 10 days after dry sieving at 2 mm. The fine soil fraction was then finely ground (0.25 mm) using an ultra-centrifugal mill (ZM 200, Retsch) and further dried over-night at 40 °C without altering soil organic matter. MIR measurements were performed using Fourier-transform diamond attenuated total reflectance (MIR-ATR) on ca. 50 mg aliquots with an iS10 spectrometer (Thermo Scientific). MIR-ATR spectra were obtained after correction for interferences by H2O and CO2, by averaging 16 scans per sample at a 4 cm -1 resolution over the spectral range [4000-400 cm -1 ]. MIR-ATR measurements of the six soil solutions were performed using Fourier-transform diffuse reflectance on 50µL (1 drop) with the same equipment from Thermo Scientific. Deionized water was used as background solution.

The ATR spectrum of water was automatically deduced from the samples spectra for normalization.

Statistical analysis

The results of NPs hydrodynamic diameter, zeta potential and dissolution in soil solutions are presented as means (± standard errors) of 3 replicates. The influence of soil texture and OM content on NPs hydrodynamic diameter and zeta potential was investigated with a two-way Anova using the R software.

Results and discussion

Physicochemical properties of nanoparticles in soil solutions

Apparent size

CuO and TiO2-NPs were characterized in the six soil solutions used for preparing the spiking suspensions in the transport experiments (Figure 1). The values of hydrodynamic diameter of TiO2-NPs ranged from 73.9 to 128.1 nm, which is 2.7 to 4.6 times their intrinsic size of 28.7 ± 7.1 nm measured by SEM.

The content of solid OM in soil appears to only weakly affect the hydrodynamic parameters of NPs (Figure 1A): A marked difference is noted only for the Silty-Clay soil (Figure 1A). The difference relates probably more to the contrasted DOC and Ca content in these two soils (Table 2). DOC is known to facilitate colloids dispersion and stabilization [START_REF] French | Influence of Ionic Strength, pH, and Cation Valence on Aggregation Kinetics of Titanium Dioxide Nanoparticles[END_REF] 1B). These results evidence that CuO-NPs are less aggregated than TiO2-NPs in all soil solutions, except in that of the loam soil with high OM (Figure 1B). The point of zero net proton charge (PZNPC) of Rutile and Anatase is 5.3 and 5.4

( Machesky et al., 1994;Kosmulski, 2002), so TiO2-NPs are negatively charged at circumneutral pH in pure water [START_REF] Simonin | Influence of soil properties on the toxicity of TiO2 nanoparticles on carbon mineralization and bacterial abundance[END_REF]. On the other hand, the PZNPC of native CuO-NPs is equal to 10, they are therefore positively charged in pure water at circumneutral pH. Supposedly the association of the CuO NP's with soil DOM decreases their charge down to negative values, favoring their stabilization. Such a charge inversion effect was observed for CuO NP -humic acid suspensions [START_REF] Sousa | Aggregation kinetics and surface charge of CuO nanoparticles: the influence of pH, ionic strength and humic acids[END_REF]. Possibly, this charge relationship explains the observed higher stability of CuO NPs versus TiO2-NPs.

Zeta potential

Both TiO2 and CuO-NPs presented negative zeta potentials in all soil solutions (Figure 1C and 1D). The zeta potential of TiO2-NPs ranged from -23.9 to -15.5 mV whereas that of the CuO-NPs ranged between -20.8 nm and -13.8 mV. For CuO-NPs in contact with Aldrich humic acids, similar negative zeta potentials were observed at similar pH and ionic strength [START_REF] Sousa | Aggregation kinetics and surface charge of CuO nanoparticles: the influence of pH, ionic strength and humic acids[END_REF]. This comparison suggests that dissolved OM and Aldrich humic acids have similar effects on NPs zeta potential. This result is conceptually in agreement with recent findings, which show that humic acids are constituted as loosely bound molecules of relatively small size, which compare to DOM in terms of composition and acid-base reactivity and consequently charge density [START_REF] Hruška | Is a universal model of organic acidity possible: Comparison of the acid/base properties of dissolved organic carbon in the boreal and temperate zones[END_REF][START_REF] Sutton | Molecular structure in soil humic substances: the new view[END_REF][START_REF] Causse | Xanthan exopolysaccharide: Acid-base reactivity related to structure and conformation. A model for understanding the reactivity of degraded and colloidal soil organic matter[END_REF].

The zeta potential of CuO-NPs in soil solutions with high OM content were consistently more negative than in solutions of low OM content, while the observation is reverse for TiO2-NPs.

This surprising behavior is probably related to the high affinity of Cu for OM [START_REF] Jacobson | Electron Microprobe and Synchrotron X-ray Fluorescence Mapping of the Heterogeneous Distribution of Copper in High-Copper Vineyard Soils[END_REF][START_REF] Morel | Speciation study in the sulfamethoxazole-copper-pH-soil system: Implications for retention prediction[END_REF][START_REF] Navel | Effect of long term organic amendments and vegetation of vineyard soils on the microscale distribution and biogeochemistry of copper[END_REF], which can result in a greater OM coating effect on CuO-NPs compared to TiO2-NPs and consequently decreased surface charge and zeta potential. Such effects are known to possibly lead to variable NPs surface charge in distinct soils [START_REF] Simonin | Influence of soil properties on the toxicity of TiO2 nanoparticles on carbon mineralization and bacterial abundance[END_REF].

Hydrodynamic properties of the soils

The hydrodynamic properties of the six soils were determined by fitting the breakthrough curves of the water tracer, the bromide ion, with the CXTFIT code (Figure 2A). The corresponding transport parameters are presented in Table 4 with those adjusted for the CuO-NPs and TiO2-NPs. All bromide breakthrough curves presented mass recoveries close to 100%, as expected with an inert water tracer. Retardation factors (R) of bromide were all close to 1, except that calculated in the silty-clay-high OM soil. In this soil, R was 0.81, which indicates that some of the pore water was not traced by the water tracer, probably in relation with the high clay content of this soil and/or ionic exclusion or poorly accessible immobile water (Monrozier et al. 1993). Dispersion values (D) fitted to the breakthrough curves are quite low (below 10 -7 cm 2 s -1 ) and almost similar for all soils. These parameter values were used as initial D values in CXTFIT to fit the breakthrough curves of the NPs in the corresponding soils.

Transport of TiO2-NPs in soil columns

The mobility of TiO2-NPs was found to be very low in all soils, with mass recoveries ranging between 1.9 and 5.5% (Table 4). These NPs breakthrough curves measured in the six soils were very noisy, indicating that the measured Ti concentrations were in the range of Ti background concentration in the leachates (Figure 2B). Consequently, transport modelling was not possible for the TiO2-NPs breakthrough curves. In all soils the irreversible retention of TiO2-NPs was higher than CuO-NPs. This strong retention probably relates to the observed higher homoaggregation of TiO2-NPs in soil solutions, which increased the apparent NPs' size by a factor of 2.5 to 4.5 (Figure 1 

Chemical stability and transport of CuO-NPs in soil columns

In order to calculate accurate mass balances for the column NPs-displacement experiments, the ability of CuO-NPs to dissolve in the six soils solutions was first assessed in the spiking suspensions through a 6-hour kinetic study. CuO-NPs dissolution was found to be negligible in all soil solutions, ranging from 0.22 and 0.49 % of the NPs applied mass (50 mg/L), after 6 hours of contact, which represents the maximum residence time of the NPs in the columns during transport experiments (Table 2). The measured aqueous Cu concentrations ranged from 0.112 to 0.243 mg L -1 that situate all below the PHREEQC-calculated Cu solubility limits toward Tenorite [START_REF] Parkhurst | Description of Input and Examples for PHREEQC Version 3: A Computer Program for Speciation, Batch-Reaction, One-Dimensional Transport, and Inverse Geochemical Calculations[END_REF]. This evidences a slow dissolution kinetic of the NPs. Consequently, Cu concentrations measured in the effluents can be attributed to CuO-NPs and not to dissolved Cu species.

All CuO-NPs breakthrough curves were fitted with the Convection Dispersion Equation, using the hydrodynamic parameters determined with the water tracer. The observed and CDE-Fitted breakthrough curves of CuO-NPs are presented in Figure 2A together with those of the water tracer (Br). The corresponding parameters are presented in Table 4. The CuO-NPs breakthrough curves (Figure 2A) show that these NPs are only partially mobile in the six soils, as important amounts of NPs were irreversibly retained in all soils, with NPs mass recoveries ranging from 5.2 to 14% (Table 4). Unlike TiO2-NPs, the partial mobility of CuO-NPs provided breakthrough curves that can be used to assess the influence of the studied factors on the transport of CuO-NPs. In all soils, the eluted CuO-NPs presented a fast transport through soil columns with no or low retardation as compared to the bromide tracer (Table 4). No clear effect of soil texture could be observed with the tested soils and, in particular, CuO-NPs were not specifically more mobile in the sandy-loam soils than in the loam or silty-clay soils as commonly observed for other types of pollutants (pesticides, PAH, heavy metals...) and as expected from previous work [START_REF] Fang | Stability of titania nanoparticles in soil suspensions and transport in saturated homogeneous soil columns[END_REF]). In the sandy-loam soils, CuO-NPs were transported slightly faster than the tracer (R = 0.98 and 0.91) indicating that in this type of soil, the NPs do not "see" all the water present in the soil presumably due to size exclusion processes or exclusion from immobile water zone during their transport (Table 4). In the loam and silty-clay soils, the CuO-NPs were transported slightly slower than water and presented a retardation factor slightly higher than 1, especially in the low OM soils. As for the tracer, the retardation factor measured in the high OM soils appeared always lower than in the low OM soils, indicating a clear relation between NPs mobility and soil OM content. This is possibly related to an increased soil structuration induced by the higher OM content in soil compared to the low OM soils [START_REF] Jastrow | Soil aggregate formation and the accrual of particulate and mineral-associated organic matter[END_REF][START_REF] Álvaro-Fuentes | Soil Aggregation and Soil Organic Carbon Stabilization: Effects of Management in Semiarid Mediterranean Agroecosystems[END_REF]. Such soil structuration improvement is indeed known to increase soil permeability through the formation of slightly bigger pores, which can facilitate the transfer of colloids or bacteria [START_REF] Martins | Role of macropore flow in the transport of Escherichia coli cells in undisturbed cores of a brown leached soil[END_REF][START_REF] Vitorge | Size-and concentration-dependent deposition of fluorescent silica colloids in saturated sand columns: transport experiments and modeling[END_REF][START_REF] Bagheri | Modeling the transport of nitrate and natural multi-sized colloids in natural soil and soil amended with vermicompost[END_REF]. Under our conditions, the different apparent size and zeta potential values of CuO-NPs measured in the different soil solutions do not seem to significantly affect NPs mobility whatever the soil. In the two loam soils of low and high OM contents, the CuO-NPs breakthrough curves were indeed very similar (Figure 2A), although their zeta potential values were the most contrasted (Figure 1), indicating that electrostatic interactions are probably not the dominant NPs retention process in the tested soils.

While in loam soils the NPs breakthrough curves were very similar in both low and high OM content conditions, in the sandy-loam and silty-clay soils, the breakthrough curves varied oppositely between the high and low OM condition (Figure 2). Interestingly, the mobility (recovery rate) of CuO-NPs increased by 62% in the high OM -sandy-loam soil compared to the low OM one, while in the silty-clay soil, CuO-NPs mobility decreased by 44% in the high OM soil compared to the low OM soil (Table 4, Figure 2A).

In the sandy-loam (high OM) and the silty-clay (low OM) soils, where CuO-NPs transport was enhanced, the concentration of dissolved organic carbon (DOC) in soil solutions was significantly higher than in the four other soils (Table 2). DOC concentration in soil solution appears thus as an important factor in NPs mobility, as has already been demonstrated in less complex porous media (e.g. [START_REF] Ben-Moshe | Transport of metal oxide nanoparticles in saturated porous media[END_REF][START_REF] Rastghalam | Nanoscale titanium dioxide (nTiO2) aggregation and transport in the co-presence of dissolved phosphate, illite colloid, and Fe oxyhydroxide coating[END_REF]. Other factors are probably also involved in the higher mobility of CuO-NPs in these two soils (e.g., low Ca and Mg concentrations in soil solutions). Although several studies have evaluated the mobility of CuO-NPs in columns of glass beads or sand material (Ben-Moshe, Dror and Berkowitz 2010; [START_REF] Wu | Transport and retention of copper oxide nanoparticles under unfavorable deposition conditions caused by repulsive van der Waals force in saturated porous media[END_REF], this study is one of the first studies on the transport of CuO-NPs in a series of 6 agricultural soils. We have shown here that CuO-NPs are partly mobile in all the contrasted soils studied, although the majority (86 to 94.2%) of these NPs are retained in the 8 cm top layer of these soils.

Spectral characteristics of soils and soils solutions

To further assess the observed differences in the effects of solid and dissolved OM levels on CuO-NPs mobility, a comparison of the MIR-ATR spectra of the six soils and of the six soil solutions is presented in Figure 3. For the solid phase, all the MIR-ATR spectra are mainly dominated by the strong absorption of soil minerals, which are very similar for the six soils.

Only slight insignificant spectral differences can be observed between the spectra obtained with low and high OM soils (Figure 3A), which do not explain the observed differences in the mobility of CuO-NPs. According to [START_REF] Stenberg | Chapter Five -Visible and Near Infrared Spectroscopy in Soil Science[END_REF] and [START_REF] Erktan | Comparison of infrared spectroscopy and laser granulometry as alternative methods to estimate soil aggregate stability in Mediterranean badlands[END_REF], the most frequent peaks in the MIR-ATR spectra of soils correspond to phyllosilicates (3622, 1635, 988, and 795 cm -1 ) and/or iron (oxy)hydroxydes (3622 and 795 cm -1 ) and tannins (1612, 1450, and 669 cm -1 ), with carboxylate (1592 and 1417 cm -1 , respectively), alkyl (CH2 and CH3 bending vibrations at 1455 and 1380 cm -1 , respectively) and aromatic moieties (phenol O-H bend at 1370 cm -1 ). The relatively low organic carbon content (a few %) of soils (Table 1) may explain the dominant absorption of soil minerals in mid-infrared.

For soils solutions (Figure 3B), although the MIR spectra appear very similar, slight differences can be observed in the 1200-980 cm -1 IR range of interest (black rectangles). Although incomplete correction of the background atmosphere (CO2) could have occurred, this is particularly visible in the wavelength ranges relating to dissolved inorganic phosphorus species(e.g. [START_REF] Tammer | Infrared and Raman Characteristic Group Frequencies: Tables and Charts[END_REF]Elzinga and Sparks 2007;[START_REF] Klein | Abiotic phosphorus recycling from adsorbed ribonucleotides on a ferrihydrite-type mineral: Probing solution and surface species[END_REF]. In this range, slightly higher or lower absorptions, corresponding to different Phosphate species were observed for the Sandy-Loam (high OM) and Silty-Clay (low OM) soil solutions, which are precisely the soils in which the mobility of CuO-NPs was highest (Figure 2). On the contrary, MIR absorption was lowest or highest in this range for the Sandy-Loam (low OM) and Silty-Clay (high OM) in which CuO-NPs mobility was lowest. In the 980 to 1200cm -1 range, IR absorption was very similar for the solutions of the two loam soils, in which CuO-NPs transport was very similar. For the sandy-Loam (high OM) and silty-Clay (low OM) soils, chemical analysis of P in soil solutions (Table 2) is in agreement with these IR trends and confirms the presence of higher concentrations of dissolved phosphate in the soils in which CuO-NPs are the more mobile. These results clearly suggest the existence of interactions between CuO-NPs and dissolved phosphorous (P) species in the soils that could explain the better stability of NPs in solution and therefore their slightly higher mobility in soils.

Phosphate effect on NPs transport

Phosphate is known to strongly sorb on metal oxides (e.g. Fe, Cu and Al oxides) even in acidic natural environments [START_REF] Mahdavi | The removal of phosphate from aqueous solutions using two nano-structures: copper oxide and carbon tubes[END_REF][START_REF] Claudio | Iron Oxide Nanoparticles in Soils: Environmental and Agronomic Importance[END_REF][START_REF] Klein | Abiotic phosphorus recycling from adsorbed ribonucleotides on a ferrihydrite-type mineral: Probing solution and surface species[END_REF]).

These properties have been used for various purposes, such as in agronomy to enhance phosphorus phytoavailability in soil [START_REF] Zahra | Metallic Nanoparticle (TiO2 and Fe3O4) Application Modifies Rhizosphere Phosphorus Availability and Uptake by Lactuca sativa[END_REF] or in wastewater treatment to eliminate phosphorus species [START_REF] Acelas | Selective removal of phosphate from wastewater using hydrated metal oxides dispersed within anionic exchange media[END_REF].

Our data suggest that phosphate species increase the mobility of CuO-NPs in the soils studied.

Several studies performed in quartz sand columns suggested a similar positive influence of phosphorus species on several types of NPs and especially of TiO2-NPs [START_REF] Hou | Transport, retention, and long-term release behavior of polymer-coated silver nanoparticles in saturated quartz sand: The impact of natural organic matters and electrolyte[END_REF][START_REF] Rastghalam | Fine particle attachment to quartz sand in the presence of multiple interacting dissolved components[END_REF][START_REF] Xu | Facilitated transport of nTiO2-kaolin aggregates by bacteria and phosphate in water-saturated quartz sand[END_REF]. Xu et al. (2018) studying a TiO2 NP's -phosphatebacteria ternary system showed that phosphate species generally facilitates the transport of TiO2

NPs linked on bacteria except in the presence of Fe oxide coatings or of low phosphate concentrations.

The main effect of phosphate appears to be the decrease of NPs surface charge induced by phosphate sorption. The stronger negative zeta potential of NPs probably results in enhanced repulsion of similarly charged soil constituents and, consequently, in the better stability and facilitated transfer of NPs in soil. In addition, the high complexing capacity of P may enable the formation of ternary complexes and, consequently, bridges between positively charged moieties, which are relevant for soils [START_REF] Sheng | Metal cation saturation on montmorillonites facilitates the adsorption of DNA via cation bridging[END_REF][START_REF] Mendez | Ternary Complex Formation of Phosphate with Ca and Mg Ions Binding to Ferrihydrite: Experiments and Mechanisms[END_REF]Hiemstra 2020). Zhara et al. (2015) suggested that positively charged TiO2-NPs, are destabilized by inter-particular phosphate bridges. Concerning Xu et al (2018), supposedly phosphate species bridge NPs to positively charged Fe oxide surfaces, as long as sorbed phosphate does not inverse the Fe oxide surface charge.

Globally, the effect of phosphate on NPs appears to be diverse. A facilitation of transport and dispersion effect linked to the negative charge of the sorbed phosphate species is potentially associated with an opposite immobilizing and aggregation effect linked to phosphate ternary bridging. Based on our observations, this study suggests that the apparent charge effect appears to be the dominant process under our conditions.

In conclusion, this study demonstrated a low or very low mobility of CuO and TiO2-NPs in agricultural soils, respectively. When differences in NP mobility were observed between soils, they seemed to be mainly due to dissolved OC and phosphate concentrations in soil solution.

Globally, the low mobility of NPs observed in an 8 cm soil layer in this study suggests that these two NPs present a low risk of direct groundwater contamination in a wide range of surface soils, although mobilization mechanism effects, probably involving P species, could increase this mobility and thus the associated risk for water supply. This low mobility also raises concerns about the long-term impacts of NPs on plants and soil biodiversity in agroecosystems that would require to be investigated under realistic field conditions. 

  ) in agreement with[START_REF] Vitorge | Size-and concentration-dependent deposition of fluorescent silica colloids in saturated sand columns: transport experiments and modeling[END_REF]. No clear influence of the soil OM content on TiO2-NPs mobility could be evidenced in the six soils, because of their very low mobility. These results contrast with previous studies on the mobility of TiO2-NPs conducted in columns of glass beads or sand material, which usually present these NPs as mobile especially at alkaline pH (Ben-Moshe, Dror and Berkowitz 2010;[START_REF] Solovitch | Concurrent Aggregation and Deposition of TiO2 Nanoparticles in a Sandy Porous Media[END_REF][START_REF] Chowdhury | Combined Factors Influencing the Aggregation and Deposition of nano-TiO2 in the Presence of Humic Acid and Bacteria[END_REF][START_REF] Rastghalam | Nanoscale titanium dioxide (nTiO2) aggregation and transport in the co-presence of dissolved phosphate, illite colloid, and Fe oxyhydroxide coating[END_REF]. However, our results are consistent with previous works conducted in natural soils by[START_REF] Wang | Laboratory assessment of the mobility of water-dispersed engineered nanoparticles in a red soil (Ultisol)[END_REF] or[START_REF] Nickel | Mobility of coated and uncoated TiO 2 nanomaterials in soil columns-Applicability of the tests methods of OECD TG 312 and 106 for nanomaterials[END_REF], although these experiments were performed with positively charged TiO2-NPs. A study performed in natural soils is in significant disagreement with strong retention of TiO2 NPs[START_REF] Fang | Stability of titania nanoparticles in soil suspensions and transport in saturated homogeneous soil columns[END_REF]. They used negatively charged TiO2-NPs as in our study but observed a significant transport of these NPs, especially in soils with low clay, high DOM content and low ionic strength. Their DOC values are all much higher than those of our study (factor ~ 7), which could indicate a dominant effect of this factor on NPs mobility, especially considering their rather similar or even decreased Ca ++ values. In this study, NPs are transferred as a tracer especially at high DOM content.[START_REF] Fang | Co-transport of Pb2 + and TiO2 nanoparticles in repacked homogeneous soil columns under saturation condition: Effect of ionic strength and fulvic acid[END_REF] observed a similar behavior of TiO2 NPs in the presence of fulvic acids. Since in our experiments, the retention of TiO2-NPs was very high in the six soils studied, it was not possible to observe any influence of the soil texture (soil clay content) or of the ionic strength of soil solution. In our six soils, TiO2-NPs were not transported deeper than 8 cm. This result may relate to the relatively low DOM content of the soils, low NPs input concentration and/or other parameters such as soil aggregation column size and setup. Studying the fate of TiO2-NPs in soil is very challenging as Ti is abundant in soils and presents a very heterogeneous distribution. The findings obtained with laboratory saturated soil columns give a first assessment of the risk of NPs migration to deeper soil layers or groundwater, which appears very low. However, further work is clearly needed to assess the mobility potential of TiO2-NPs at environmentally relevant concentrations, in undisturbed soils or under unsaturated conditions and simulating repeated exposures in order to be closer to expected field conditions[START_REF] Duester | Translocation of Sb and Ti in an undisturbed floodplain soil after application of Sb2O3 and TiO2 nanoparticles to the surface[END_REF][START_REF] Cornelis | Fate and Bioavailability of Engineered Nanoparticles in Soils: A Review[END_REF][START_REF] Conway | Gravity-driven transport of three engineered nanomaterials in unsaturated soils and their effects on soil pH and nutrient release[END_REF][START_REF] Simonin | Combined Study of Titanium Dioxide Nanoparticle Transport and Toxicity on Microbial Nitrifying Communities under Single and Repeated Exposures in Soil Columns[END_REF].
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 2 Figure 2: A) Breakthrough curves of the Bromide water tracer and CuO-NPs in columns of the
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 3 Figure 3: A) MIR-ATR spectra of the 6 soils. B) MIR-DR spectra of the 6 soil solutions. Each

  ;[START_REF] Badawy | Impact of Environmental Conditions (pH, Ionic Strength, and Electrolyte Type) on the Surface Charge and Aggregation of Silver Nanoparticles Suspensions[END_REF][START_REF] Simonin | Influence of soil properties on the toxicity of TiO2 nanoparticles on carbon mineralization and bacterial abundance[END_REF][START_REF] Qiu | The aggregation and sedimentation of two different sized copper oxide nanoparticles in soil solutions: Dependence on pH and dissolved organic matter[END_REF] whereas Ca is known to complex and neutralize, i.e. to precipitate DOC. Coherently, the soil of lowest DOC is that of highest Ca content (the high OM silty-clay soil, Table2) and the NP's hydrodynamic diameter differs significantly from its sister soil (Low OM silty-clay soil). DOC thus appears to affect the hydrodynamic parameters of NPs more than soil texture.In comparison, the CuO-NPs hydrodynamic diameter values of 53.3 to 84.1 nm are lower than those of TiO2-NPs. These values measured in the soil solutions were close to the intrinsic value

of 57 ± 18 nm measured by SEM. No significant influence of soil texture or OM content on CuO-NPs aggregation was observed (Figure

Table 1 :

 1 Main characteristics of the six studied soils

		% sand % loam % clay % OM WHC (%)	pH	Ionic strength (mM)	CEC (cmol + kg -1 )	Cu (mg kg -1 )	Ti (g kg -1 )
	Sandy-loam -Low OM	68.4	14.7	16.9	2.09	20	7.0	0.98	11.5	20.1	2.4
	Sandy-loam -High OM	65.6	16.1	18.3	4.46	20	6.9	1.59	15.4	21.9	2.4
	Loam -Low OM	37.5	42.7	19.8	2.23	30	6.4	0.60	8.79	13.2	2.7
	Loam -High OM	40.3	40.8	18.9	6.77	30	6.3	1.31	15.3	10.4	2.4
	Silty-clay -Low OM	8.2	49.8	42.0	4.72	47	6.9	0.51	17.4	23.2	5.3
	Silty-clay -High OM	10.1	50.8	39.1	7.87	51	7.7	1.37	20.1	26.2	4.5

TABLES

Table 2 :

 2 Characteristics of the soil solutions used for the transport experiments (all concentrations are expressed in mg L -1 ) and results of Cu dissolution test in soil solutions conducted for 6 hours at 50 mg/L CuO-NPs.

		pH	Ionic strength (mM)	DOC	Ca	K	Mg	Na	Al	Fe	Mn	PO4	Solubility PO4_Th	% of dissolved Cu after 6h	PhreeqC Calc. CuTh Solubility
	Sandy-loam -Low OM	6.7	1.0	11.6	21.7	5.25	2.43	8.89	4.70	1.45	0.02	2.72	1.18	0.27 %	0.68
	Sandy-loam -High OM	6.4	2.0	18.6	12.2	6.84	1.11	12.06	7.62	1.69	0.02	3.67	7.47	0.49 %	1.19
	Loam -Low OM	6.2	1.2	8.2	28.8	3.84	3.23	13.18	11.35	1.90	0.09	1.19	6.48	0.37 %	3.46
	Loam -High OM	5.4	2.4	10.5	38.2	15.57	2.59	21.78	6.66	2.79	0.04	3.85	442.18	0.28 %	64.01
	Silty-clay -Low OM	6.3	1.5	25.2	33.5	3.69	1.40	11.41	4.35	1.79	0.01	0.74	3.73	0.24 %	2.74
	Silty-clay -High OM	7.1	1.6	8.9	80.8	4.15	4.28	5.48	2.66	3.53	0.04	0.00	0.03	0.22 %	0.4

PO4_Th : Calculated total orthophosphate solubility toward Apatite ; CuTh : Calculated Cu(II) solubility toward Tenorite without OM.

Table 3 :

 3 Main characteristics of the soil columns

		Pore volume (mL)	Bulk density (g cm -3 )	Effective Porosity	Darcy velocity (cm h -1 )	Average soil collector diameter* (µm)
	Sandy-loam -Low OM	2.90	1.27	0.51	14.9	122.9
	Sandy-loam -High OM	3.32	1.08	0.59	13.0	118.3
	Loam -Low OM	3.85	0.83	0.68	11.3	74.5
	Loam -High OM	3.80	0.86	0.67	11.4	78.9
	Silty-clay -Low OM	3.47	1.01	0.61	12.5	24.9
	Silty-clay -High OM	3.62	0.94	0.64	12.0	28.4

* Calculations based on

[START_REF] Ley | Soil water monitoring and measurement[END_REF] 

Table 4 :

 4 Transport parameters for bromide, CuO-NPs and TiO2-NPs experiments.

				Bromide			CuO-NPs		TiO2-NPs
			MR	D	R	MR	D	R	µ	MR
			(%)	(cm 2 /s)	(-)	(%)	(cm 2 /s)	(-)	(h -1 )	(%)
		Low OM	97.4	1.0E-07	1.03	5.2	1.35E-05	0.98	7.27	2.1
	Sandy-loam	High OM	98.8	7.1E-08	0.97	14.0	2.52E-07	0.91	1.97	5.5
		Low OM	97.3	1.0E-07	0.99	11.4	1.10E-08	1.06	2.29	2.3
	Loam	High OM	95.1	5.9E-08	0.96	9.7	8.30E-08	0.99	2.37	3.4
		Low OM	96.4	1.2E-07	0.90	12.1	1.04E-05	0.92	2.37	1.9
	Silty-clay	High OM	94.8	5.5E-08	0.81	6.8	9.47E-07	0.88	3.28	2.2

MR: Mass Recovery (%), D: Dispersion value, R: Retardation factor
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